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ABSTRACT
We carefully examine the optical Feii and near-infrared Caii triplet (CaT) emission by
constraining the (i) line equivalent widths (EWs) with reasonable covering factors; (ii)
radial extent of emitting regions agreeing to the reverberation mapping estimates for I
Zw 1; and (iii) Feii and CaT line intensity ratios obtained from prior observations for this
source. We hypothesize that the broad-line region (BLR) cloud sees a filtered continuum
which brings the radial sizes in agreement with reverberation mapped estimates. This
filtered continuum then recovers realistic EWs for these low ionization line (LIL) species,
such as Hβ, Feii and CaT, suggesting covering factors required as low as 10%. Our
study finds that in order to account for adequate RFeII emission, the BLR needs to be
selectively overabundant in iron (Z&10Z). While, RCaT emission spans a broader range
in metallicity, from solar to super-solar. BLR cloud density is found to be consistent
with earlier conclusions, i.e. nH ∼ 1012 cm−3 is required for the sufficient emission of Feii
and CaT. We test and confirm the co-dependence between metallicity and cloud column
density for these two species. We test also the effect of inclusion of a turbulent velocity
within the BLR cloud to which the Feii emission responds positively. There is a reduction
in the value of metallicity for RFeII cases with turbulence, suggesting that this parameter
can act as an apparent metallicity controller for Feii. On the contrary, RCaT cases are
rather unaffected by the effect of microturbulence.
Keywords: galaxies: active, quasars: emission lines; accretion disks; radiative transfer; scaling relations
1. INTRODUCTION
The complexity in the Feii emission, with its origin
from the inner parsec scales in active galactic nuclei
(AGNs), is yet to be solved completely (see Collin &
Joly 2000, for an overview). This complexity is majorly
due to the numerous transition lines this first ionized
state of Fe has, spreading across the near infrared to
ultraviolet wavelengths (Boroson & Green 1992; Bruh-
weiler & Verner 2008a; Garcia-Rissmann et al. 2012)
which makes it quite complicated to be modelled. Since
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its inception (Greenstein & Schmidt 1964), the study
of this complex ionic species has seen significant devel-
opment, from the point of view of the spectral quality
of the data with improved telescope technologies (Laor
et al. 1997; Kovačević et al. 2010; Kovačević-Dojčinović
& Popović 2015; Marinello et al. 2016) including long-
term reverberation mapping campaigns (Hu et al. 2015;
Zhang et al. 2019, and references therein), to the spec-
tral fitting routines (Kriss 1994; Calderone et al. 2017;
Guo et al. 2019) and empirical templates (Boroson &
Green 1992; Vestergaard & Wilkes 2001) for I Zw 1, a
prototypical narrow-line Seyfert galaxy. Simultaneously,
there has been notable stride in understanding the ex-
citation mechanism of this species in AGNs and corre-
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sponding templates have been proposed strictly from the
theoretical standpoint (Verner et al. 1999; Sigut & Prad-
han 2003). The current consensus is shifted towards
the use of the semi-empirical templates (Véron-Cetty
et al. 2004; Kovačević et al. 2010; Garcia-Rissmann et al.
2012) that solves the problem to a great extent, although
not entirely.
Feii emission also bears extreme importance in the
context of the main sequence of quasars. Several note-
worthy works have established the prominence of the
strength of the optical Feii emission (4434-4684 Å) with
respect to the broad Hβ line width (henceforth RFeII)
and it’s relevance to the Eigenvector 1 sequence linking
primarily to the Eddington ratio (Sulentic et al. 2000,
2001; Shen & Ho 2014; Marziani et al. 2018). Recent
studies have addressed the importance of the Feii emis-
sion and its connection with the Eddington ratio, and
to the black hole mass, cloud density, metallicity and
turbulence (Panda et al. 2018), and finally to the shape
of the ionizing continuum (Panda et al. 2019a), and the
orientation effect (Panda et al. 2019b, 2020b).
The difficulty in understanding the Feii emission has
led us in search of other reliable, simpler ionic species
such as Caii and O I (Martínez-Aldama et al. 2015, and
references therein) which would originate from the same
part of the BLR and could play a similar role in quasar
main sequence studies. Here, the Caii emission refers
to the Ca triplet (CaT), i.e., the IR triplet emitting at
λ8498Å, λ8542Å and λ8662Å. We refer the readers to
Panda et al. (2020a, henceforth P20) for an overview on
the issue of CaT emission in AGNs and its relevance to
the Feii emission.
In P20, we compiled an up-to-date catalogue of
quasars with spectral measurements of the strength of
the optical Feii and NIR CaT emission (with respect
to Hβ) and re-estimated the existing tight correlation
(Martínez-Aldama et al. 2015) between them. We also
performed a suite of CLOUDY photoionisation models to
derive the correlation from the theoretical standpoint
with emphasis on the important roles played by ioniza-
tion parameter and the local cloud density in this cor-
relation. We touched upon the effect of metallicity and
cloud column density and show their contribution, albeit
qualitatively.
While P20 was devoted to justify the connection be-
tween the optical Feii and NIR CaT, the main goal of the
present paper is to match the modelled data with
the observations in terms of the lines’ equivalent
widths (EWs) and intensity ratios of these two
species and constrain the relative location of Feii and
CaT, and to determine the metallicity required to opti-
mize the emission strengths of these two species. Addi-
tionally, this paper investigates the effect of the cloud
column densities (NH) on the net emission strengths
of the aforementioned species, which, for a given local
mean density of the BLR cloud, estimates the size of
the BLR cloud. The treatment of the metallicity
and cloud column density is done in a heuristic
manner and the obtained inferences are gauged
against the observed measurements for I Zw 1.
The paper is organised as follows: In Section 2, the
photoionisation modelling setup is described keeping
aligned with our approach in P20. The novelty of
this work lies in (i) an appropriate treatment of
the issue of the equivalent widths in terms of the
covering factor for the line species; and (ii) a sys-
tematic treatment of the metallicity and cloud
column density unlike P20, where we assumed
only two representative cases for each entity, i.e.
Z = 0.2Z and 5Z at NH = 1024 cm−2, and,
NH = 1024.5 cm−2 and 1025 cm−2 at Z = Z. In
Section 3, we analyse the results from the pho-
toionization models and check for inconsistency
with regards to the line equivalent widths of Hβ,
optical Feii and CaT, previously noticed in P20,
and propose a way to bring the results from pho-
toionization modelling in agreement with the ob-
servational estimates. The key findings from this
study are then summarized in Section 4.
2. PHOTOIONIZATION SIMULATIONS WITH
CLOUDY
In accordance to P20, we perform a suite of CLOUDY
models by varying the cloud particle density, 1010.5 ≤
nH ≤ 1013 (cm−3), the ionization parameter, −4.25 ≤
log U ≤ −1.5, the metallicity, 0.1Z ≤ Z ≤ 10Z, at a
base cloud column density, 1024 cm−2. Other cases of
cloud densities are explored in later sections. Compared
to the range of nH and U explored in P20, both enti-
ties are extended by 1 dex to explore possible solutions
in low density-low ionization regime. Contrast to P20,
we do not impose any limitation on the log U − log nH
space due to dust sublimation. The model assumes
a distribution of cloud densities at various radii from
the central illuminating source to mimic the gas dis-
tribution around the close vicinity of the active nuclei.
The range of metallicity incorporated here is inspired
by the works on quasar main sequence, containing dis-
tribution of quasars ranging from the low-RFeII “nor-
mal” Seyfert galaxies which can be modelled with sub-
solar assumption, and the Narrow-line Seyfert galaxies
(NLS1s), especially the extreme Feii emitters that have
super-solar metallicities (Laor et al. 1997; Negrete et al.
2012; Marziani et al. 2019a; Śniegowska et al. 2020).
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Also, the range of cloud column density used is in agree-
ment with previous works, mainly in Ferland & Pers-
son (1989); Matsuoka et al. (2007, 2008); Negrete et al.
(2012) and further extension shown in P20. I utilize the
spectral energy distribution (SED) for the nearby (z=
0.061) NLS1, I Zw 11. The RFeII and RCaT estimates
are extracted from these simulations.
In the following sections, we analyse the re-
sults from the photoionization models and check
for inconsistency with regards to the line equiv-
alent widths of Hβ, optical Feii and CaT, pre-
viously noticed in P20. We then apply a radia-
tion filtering to the incident continuum to mimic
the incoming radiation seen by the BLR cloud
which not only scales down the radial extent of
the BLR cloud in agreement to the reverbera-
tion mapping results, it also brings the EWs and
their corresponding covering factors in harmony
with the observed data. Next, by imposing ad-
ditional constraint on the obtained line intensity
ratios (models vs observations) for the optical
Feii and CaT with respect to Hβ, i.e. RFeII and
RCaT, we are left with a small set of solutions
that agree on all counts. These models request
a higher than solar metallicity (&10 Z) in order
to recover optimal values for RFeII, those that
are consistent with observations. On the other
hand, for RCaT, solutions have a broad range of
metallicity values that range from solar to super-
solar. We then utilise the best solution from our
models and realise the co-dependence between
the metallicity and the cloud column density for
RFeII and RCaT. We highlight another interest-
ing find with regards to to inclusion of a nominal
value of microturbulence within the BLR cloud
and its effect on the net Feii-CaT emission and
their parameter space.
3. RESULTS
3.1. First analysis
The results from our base setup is shown in
Figs. 1 and 2. The panels in each figure show
the log U− log nH parameter space color-coded as
a function of the intensity ratios (RFeII or RCaT).
The first five panels show the setup as a function
of increasing metallicity content considered in
the BLR cloud model, i.e. Z = 0.1Z, 0.3Z, Z,
3Z and 10Z. The last panels are obtained by
1 The I Zw 1 ionizing continuum shape is obtained from
NASA/IPAC Extragalactic Database
putting together the result from the previous five
panels for the corresponding figures. This helps
to highlight the preferential increase in the in-
tensity ratios and locate the zones of emission in
terms of log U− log nH that maximize or minimize
the production of the either of the two species,
Feii and CaT. These figures are constructed from
models that utilize a cloud column density, NH =
1024 cm−2. We illustrate the effect of other cloud
column densities in Sec. 3.4.
For the lowest metallicity case, log Z [Z] =
-1, the maximum RFeII recovered is ∼ 0.575 (for
log U = -1.75, log nH = 12.25). For log Z [Z]
= -0.5, this maximum rises to ∼ 0.906 (for log
U = -1.75, log nH = 12). This value of maxi-
mum RFeII further increases when the metallic-
ity is raised to solar and super-solar values. At
solar metallicity, the maximum RFeII recovered
is ∼ 1.742 (for log U = -1.75, log nH = 11.75),
which is quite close to the estimate for I Zw 1
by Persson (1988), i.e. 1.778±0.050. To recover
the Marinello et al. (2016) RFeII estimate, i.e.
2.286±0.199, we request higher than solar metal-
licities. For log Z [Z] = 0.5 and log Z [Z] =
1, we recover values for RFeII ∼ 3.296 (for log U
= -1.75, log nH = 12) and ∼ 6.501 (for log U =
-1.5, log nH = 12). Hence, from this base model
analysis, we find that we can indeed recover the
RFeII estimates that are consistent with the high-
est Feii emitters if we request the metallicity to
be Z. Z .3Z.
Similarly, for the RCaT cases - for the lowest
metallicity case, log Z [Z] = -1, the maximum
RCaT recovered is ∼ 0.264 (for log U = -4.25, log
nH = 12.5). This value of RCaT recovered is for
the log U that is at the grid boundary. In or-
der to assess this issue, we ran a sub-grid, going
down by 1 dex till log U = -5.25. For values lower
than log U = -4.25, we start to see a saturation
and the recovered RCaT begins to plummet after
this boundary value of -4.25. Hence, we keep this
limit as it is and proceed further. For log Z [Z]
= -0.5, this maximum rises to ∼ 0.389 (for log
U = -4.25, log nH = 12.75). This value of maxi-
mum RCaT further increases when the metallicity
is raised to solar and super-solar values. At so-
lar metallicity, the maximum RCaT recovered is ∼
0.557 (for log U = -4.25, log nH = 12.5), which is
quite close to the estimate for I Zw 1 reported by
both Persson (1988) and Marinello et al. (2016),
i.e. 0.513±0.130 and 0.564±0.080, respectively.
Requesting higher than solar metallicities in the
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Figure 1. log U− log nH 2D histograms color-weighted by RFeII (in log-scale) with column density, NH = 1024 cm−2.
Each of the first 5 panels correspond to a case of metallicity (in log-scale, in units of Z). The plot on the
bottom right combines together the contribution from all the five panels shown before.
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Figure 2. Similar to Figure 1. Plots are color-weighted by log RCaT.
case of RCaT recovers values that are yet to be
confirmed observationally. Hence, from this base
model analysis, we find that we can indeed re-
cover the RCaT estimates that are consistent with
the observed estimates if we request the metal-
licity to be of the order of solar metallicity.
In order to assess the radial size of these emitting re-
gions, we investigate the coupled distribution between
the ionization parameter and local cloud density. As has
been previously explored in Negrete et al. (2012, 2014);
Marziani et al. (2019b) and in P20, we take the product
of the ionization parameter and the local cloud density
(U·nH), i.e. this entity bears resemblance to ionizing
flux, and for a given number of ionising photons emit-
ted by the radiating source, this can be used to estimate
the size of the BLR (RBLR). In this paper, we have used
a constant shape for the ionizing continuum apt for the
nearby NLS1, I Zw 1. The bolometric luminosity of I
Zw 1 is Lbol ∼ 4.32 × 1045 erg s−1. This is obtained
by applying the bolometric correction prescription from
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Netzer (2019) on I Zw 1’s L5100 ∼ 3.48 × 1044 erg s−1
(Persson 1988). Hence, putting this all together, we have
RBLR [cm] =
√
Q(H)
4piUnHc
≡
√
Lbol
4pihν UnHc
h
2.294× 1022√
UnH
(1)
where, RBLR is the distance of the emitting cloud from
the ionizing source which has a mean local density nH
and receives an ionizing flux that is quantified by the
ionization parameter, U. Q(H) is the number of ionizing
photons, which can be equivalently expressed in terms of
the bolometric luminosity of the source per unit energy
of a single photon, i.e. hν. Here, we consider the average
photon energy, hν = 1 Rydberg (Wandel et al. 1999;
Marziani et al. 2015).
From the estimates that were recovered from
the photoionization simulations (see Figures 1
and 2) and described above, we try to estimate
the radial extent of the emitting regions for RFeII
and RCaT. For RFeII, we obtained agreement with
the observed RFeII estimates utilizing a cloud
model that had log U ∼ -1.75 and log nH ∼ 11.75.
Plugging these values in Eq. 1, we get a radial
estimate of ∼2.294×1017 cm. This value of Feii-
emitting region is in good agreement with the
RBLR estimates from the reverberation mapping
(Hu et al. 2015; Du et al. 2016). The Hβ-based
RBLR estimate for I Zw 1 is ∼1.827×1017 cm, es-
timated from the classical RHβ − L5100 relation
(Bentz et al. 2013) which has been confirmed by
dedicated reverberation mapping campaign for
this source (Huang et al. 2019).
Proceeding with the RCaT, we obtain a radial
extent of ∼1.72×1018 cm (for log U = -4.25, log nH
= 12.5, the best solution was for solar metallicity
in this case), i.e. an order larger than what is
obtained for RFeII.
3.2. Including the EWs and covering factors
It was realized in P20, that our photoioniza-
tion models were able to predict RFeII and RCaT
based on their intensity ratios and the modelled
estimates were found to be in-line with the mea-
sured values from an up-to-date observational
sample of 58 sources (see Table 1 in P20), and
the measured correlation (almost one-to-one) be-
tween the two ratios were matched by both the
modelled and observed data. We re-affirmed this
in the previous section with the agreement ex-
tended to the radial extent of the BLR in terms
of the emitting regions of these two species.
Line equivalent width (EW) is another impor-
tant quantity that is often used to measure the
strength of spectral features. EW is especially
important when emission lines are affected by
Doppler broadening and the photons get shifted
away from the line center which makes the height
of the emission line (the peak intensity) a poor
measure of its overall strength. We thus, con-
sidered to not only estimate the line intensity
ratios, but also extract the information about
the lines’ EWs. In order to do so, we utilise
continua as close to the lines in consideration.
For estimating the EWs for Hβ and Feii we use
one of CLOUDY’s default continuum values, i.e. at
λ = 4885.36Å. We checked for differences with
the usually considered continuum level that is at
5100Å and found good agreement (they differ by
∼0.2%). On the other hand, for the CaT emis-
sion, the triplet is located in the NIR part of the
spectrum, and thus, needs a different continuum
level to estimate the EWs properly. This has
been employed in previous observational works
(see e.g. Martínez-Aldama et al. 2015; Marinello
et al. 2016) which has to do with the additional
contamination of the disk continuum by the re-
processed torus contribution. To mitigate this
issue, we utilise another default CLOUDY contin-
uum at λ = 8329.68Å, that is closer to the triplet
and overlaps with the continuum windows in the
NIR used in prior studies.
There is a striking disagreement between the
predicted EWs from the models and those from
observations. The covering factors associated
with the line species are grossly over-predicted
(for Hβ, the models report a covering factor &100
for 82.5% of the models). When we estimate the
EWs for these Low Ionization Lines (LILs) keep-
ing track of the intensity ratios, we notice that
the solutions that reproduce agreement on both
these counts (agreeable EWs and the intensity
ratios) are almost two dex lower in the ioniza-
tion parameter for RFeII, i.e. log U ∼ 3.5. This
solution is obtained without much change in the
density, log nH ∼ 11.75. We test the validity of
this result by considering three cases of covering
factor for a typical EW = 40Å (Persson 1988;
Martínez-Aldama et al. 2015; Marinello et al.
2016) recovered for Population A type sources
- at 30%, 45% and at a more liberal 60%. For
lower covering factors (∼10%) that is closer to
disk-like geometry of the BLR clouds, we have
one solution each for the RFeII and RCaT, i.e.
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Figure 3. Three cases of metallicities (Z, 3Z and 10Z) models, previously shown in Figs. 1 and 2 for the
RFeII and RCaT, respectively. Additionally, we overlay the solutions that are in agreement with the lines’ EWs
considering three sets of covering factors (30% - ‘+’, 45% - ‘×’, and 60% - ‘◦’).
at log U = -3.5, log nH = 11.75 at log Z [Z]
= 1 (for RFeII), and, log U = -3.5, log nH =
11.5 at log Z [Z] = 1 (for RCaT). The loca-
tion of these solutions that agree with the EWs
as observed, are demonstrated in Figure 3. The
underlying grid are identical to the respective
panels shown already in Figs. 1 and 2. We
find that the solutions for RFeII are only plau-
sible now at higher metallicities, of the order
of ∼10Z. This is in-line with the observational
evidences suggesting super-solar metallicities in
excess of 10Z (Hamann & Ferland 1992; Shin
et al. 2013; Śniegowska et al. 2020). Models with
lower metallicity values (Z.3Z) demand cover-
ing factors that are above the requested limit
(>60%) and hence are not considered here. On
the other hand, for CaT emission, the intensity
ratios can still be produced from models that are
at solar metallicities, although the covering fac-
tor required in such cases is higher (&45%). In-
creasing the metallicity to higher than solar, we
have more agreeable solutions in terms of low
covering factor (see lower panels in Fig. 3). For
completeness, we also check for plausible solu-
tions at higher than 10Z, by considering two
additional cases - at 20Z and 100Z. We no-
tice that in 20Z models (see Figure 4), the so-
lutions for RFeII are pushed to lower ionization
parameters albeit at similar densities. There are
limited solutions for the RCaT case that suggest
not only radial sizes lower than RFeII by a factor
2, but smaller than the Hβ reverberation map-
ping estimate. There are no solutions agreeing
for any of the three chosen covering factors for
the 100Z metallicity case. Hence, an increase in
the metallicity upto ∼20Z values works well for
RFeII estimates in the case of I Zw 1-like sources
but not for corresponding RCaT emission. For
the RCaT emission, metallicity values Z . 10Z
are found to be suitable to explain the EWs and
the intensity ratios.
The problem to reproduce the EW of LILs has
been discussed in the literature before. Either
additional mechanical heating is necessary (e.g.
Collin-Souffrin et al. 1986; Joly 1987), or multi-
ple cloud approach, with part of the radiation
scattered/re-emitted between different clouds,
or BLR does not see the same continuum as the
observer (Korista et al. 1997) due to an interven-
ing medium such as a wind component (Leighly
2004) that is often seen in high-ionization lines
seen in the UV part, such as Civ, of an AGN
spectrum typically belonging to the Population
A type (Marziani et al. 2018, and references
therein) like I Zw 1. We employ the last hypoth-
esis which is also supported by recent observa-
tional findings in Wolf et al. (2020), wherein the
authors have found that the Feii-emitting region
is shielded from the central source for a sample
of ∼2100 Type-1 AGNs. We then apply this hy-
pothesis to analyze I Zw 1 and it’s LILs pertain-
ing to the BLR. This is illustrated in the Figure
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Figure 4. Same as Fig. 3 for Z= 20Z.
5 wherein, the key assumption is that the broad-
band spectral energy distribution seen by the
BLR is different from the one that is perceived
by a distant observer. This hypothesis can also
be perceived as the radiation anisotropy from
the accretion disk suggested by previous studies
(Wang et al. 2014, and references therein) point-
ing away from a generally assumed geometrically
thin accretion disk, especially in the regions at
close vicinity of the black hole. Such a geome-
try then, inhibits the radiation coming from the
inner, hotter region. And then the BLR simply
receives a continuum that is emanated from a
much further out, colder region. This is a valid
assumption in the case where the observer is sys-
tematically at an offset in the viewing angle with
respect to the BLR cloud itself. Now, with the
agreement with the intensity ratios for Feii and
CaT, and their EWs in harmony with the ob-
servational evidences, we are left with the prob-
lem of matching the radial extent. Due to the
lowering of the ionization parameter by nearly 2
dex, according to the Eq. 1, we extend the ra-
dial sizes of the Feii emitting region of the BLR
by an order of magnitude. A correction of the
Figure 5. Schematic view of the anisotropy in the
radiation between the observer and the BLR cloud.
Our model considers a simple shrinking of the ra-
dial position of the BLR to match the reverberation-
mapped RBLR estimate, by filtering the incoming ra-
diation from the accretion disk. Thus the net SED
seen by the BLR differs from the SED seen by a
distant observer. This illustration applies to I Zw 1-
like sources, i.e. Type-1 Narrow-line Seyfert galaxies
with high Feii emission, which are the context of this
study.
same order is introduced to the photon flux that
is received by the BLR to mitigate this. The
scaling factor is obtained by comparing the two
radial sizes - one from the reverberation map-
ping for I Zw 1 (RRMBLR ∼ 1.827×1017 cm), and the
other from our photoionization modelling, (RPMBLR
∼ 1.720×1018 cm)2. Then, applying the simple ra-
dius scaling ∝ L0.5, we have the scale parameter
∼ 0.011. With this correction applied to the pho-
ton flux originating from the accretion disk, we
have the RBLR estimate from the photoionization
matched in perfect agreement with the observed
reverberation mapping results.
3.3. Salient features of the Feii and CaT emission
from photoionization
Another way to look at the scenario presented
in the previous sections, is to directly compare
the results from the photoionization models to
2 this value of radial extent is obtained using Eq. 1 for the physical
parameters, log U=-3.5, log nH=11.75. This value reproduces the
EWs for the LILs as well as the lines’ intensity ratios in agreement
to the observed values.
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the observed estimates. In our approach, we per-
form a three-step filtering to extract the final so-
lutions for the log U− log nH pertaining to the two
parameters, RFeII and RCaT. Step 1 is matching
the EWs for the Hβ, Feii and CaT simultaneously
within the requested covering factors (30%, 45%
and 60%). Then, the filtered solutions is gauged
against the radial extent that is within 20%3 of
the value obtained from the RHβ − L5100 for the
I Zw 1’s luminosity (∼ 3.48× 1044 erg s−1, Persson
1988). The last step of filtering is matching with
the observed line intensity ratios for both the
species, RFeII and RCaT. This is what gives us
the solution marked atop the simulation grid in
Figures 3 and 4.
The extent of disagreement between the max-
imum recovered intensity ratios and the ones
recovered by this filtering approach can be ap-
preciated better in Figure 6. The grid points
from three panels for metallicity at Z, ∼3Z
and 10Z for both RFeII and RCaT are extracted
from the log U− log nH space and reported here in
terms of the radial extent (as referred to in pre-
vious sections, the product of U and nH for a fixed
ionizing continuum gives the size of the line emit-
ting region) vs intensity ratio. The grid points
are color-coded with the corresponding ioniza-
tion parameters. First considering the RFeII cases
(left panels in Figure 6), we can clearly see that
the peak emission in RFeII is nearly 2 dex larger
suggesting that the radial extent here is ∼10
times farther which is what we explored in the
previous sections. The vertical and horizontal
patches are applied to the plots that indicate
the RFeII estimates within 2σ of the observed
estimates and the radial sizes converted in UnH
scales. Here, σ is taken as the maximum value of
the error quoted from the two reported estimates
from Persson (1988) and Marinello et al. (2016).
Such a liberal range is considered keeping in
mind that the observed and modelled estimates
have subtle differences, such as, in CLOUDY, the
code considers 371-level accounting for ∼68,635
transitions for the Feii atom and are evaluated
upto ∼11.6 eV (Verner et al. 1999). In the anal-
ysis of the optical spectrum for I Zw 1, there is
a need to supplement the fitting procedure with
additional broad gaussians in addition to the Feii
3 The reported time delay for I Zw 1 in Huang et al. (2019) has
an associated mean uncertainty of ∼13%.
pseudo-continuum generated from CLOUDY in or-
der to minimize the residuals (Negrete et al.
2012, Panda and Martínez-Aldama in prep.). We
keep the same approach while evaluating the
RCaT panels. The overlapping region between
the vertical patch and the horizontal patch marks
the acceptable region for the solutions to the
RFeII. As it can be noticed from the three left
panels, the solution is in best agreement when
the BLR cloud has metallicity Z=10Z. The
gradual increase in overall modelled distribution
with increase in metallicity suggests that the
BLR clouds indeed require an overabundance in
iron. On the other hand, for the RCaT case, so-
lutions with quite low ionization parameters can
achieve the required RCaT estimate within the
realms of the radial extent for solar metallicity,
and, they can be modelled with a wider range
of metallicities, Z.Z .10Z. Although, in the
higher-than-solar metallicity cases, the solutions
tend to increase in the ionization parameters
upto 1 dex from the values found from the so-
lar case (albeit at slightly lower to almost similar
densities as before), thereby lowering the radial
extent to values smaller than the reverberation
estimates for the BLR.
3.4. Co-dependence of metallicity and cloud column
density
In P20, we explored, in a rather limited man-
ner, the increasing trend of RFeII and RCaT esti-
mates as a function of increasing column den-
sities. We considered two additional cases in
column densities apart from the base value of
NH = 1024 cm−2, i.e., at 1024.5 and 1025 cm−2, lim-
iting our models within the realms of the opti-
cally thin regime4. There is a clear hint that
the real scenario perhaps points towards a col-
lective increase in both metallicity and column
density. This supports the arguments towards
the use of very high metallicities (Z & 5Z) to
recover the RFeII estimates for the strong Feii
emitters (Nagao et al. 2006; Negrete et al. 2012;
Śniegowska et al. 2020) which has strong impli-
cations for the BLR cloud properties, especially
their density distribution function and their ra-
dial distribution. In this section, we explicitly
4 i.e., optical depth, τ = σT · NH. τ ∼ 1 − 2 for optically thin
medium, which implies NH ∼ 1024 − 1024.5 cm−2. Here, σT
is the Thompson’s scattering cross-section and NH is the cloud
column density.
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Figure 6. Non-monotonic behaviour of RFeII versus log UnH color-coded with respect to log U (left panels).
Corresponding cases for RCaT are shown in the right panels. The panels represent the three sets of high-
metallicity cases: log Z [Z]: 0 (top), 0.5 (middle) and 1 (bottom). Column density, NH = 1024 cm−2 is assumed.
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test this connection between the two aforemen-
tioned parameters in terms of the RFeII and RCaT
estimates they recover.
From the analyses in the previous sections, the
pair of ionization parameter and local cloud den-
sity, i.e. log UnH, that reproduce the RFeII and
RCaT in agreement to the observed intensity ra-
tios, keeping the BLR cloud within the limits
of the RBLR as estimated from the reverberation
mapping and constrained for the EWs within rea-
sonable covering factors is ∼-3.5 and ∼11.75, re-
spectively. We, therefore, utilize this pair for
the subsequent modelling and ranging the metal-
licity within Z≤Z ≤100Z with a step size of
0.25 dex (in log-space) and cloud column den-
sity within 1020 ≤ NH ≤ 1025 with a step size of
0.5 dex (in log-space). The modelled range for
metallicity is extended to higher metallicity to
test their relevance in the BLR LILs emission.
As for the column density, NH = 1023 − 1024 cm−2
is often the norm to account for these LILs emis-
sion where the situation is relatively less dynamic
compared to the High Ionization Lines that are
touted to have origins radially much closer to the
black hole and bear a more direct continuum as
opposed to the LILs (Leighly 2004; Negrete et al.
2012; Martínez-Aldama et al. 2015). Also, at the
expected radial extensions for the LILs, the cloud
is relatively cold to clump together and the ra-
diation pressure from the accretion disk is such
that it still keeps the cloud relatively extended.
On the other hand, having a larger cloud column
allows for species like Feii to increase their ionic
fraction with respect to Hβ and thereby produce
enough emission to account for the RFeII & 1 as
often seen for the high Feii emitters belonging
to the extreme Population A (see Bruhweiler &
Verner 2008b; Panda et al. 2018, 2019b, and ref-
erences therein). In Panda et al. (2018), we ex-
plored the emissivity profiles for the Feii emission
in the optical and the Hβ emission line and found
consistency with results from the reverberation
mapping that suggested ∼2 times larger radial
sizes for the Feii compared to the Hβ. In order
to account for this radial extension and the rela-
tively high RFeII, we followed the prescription of
Bruhweiler & Verner (2008b) to assume a cloud
column size of NH = 1024 cm−2. But in these pre-
vious studies, these two entities, metallicity and
column density were not investigated coupled to-
gether. We test here this co-dependence in the
context of Feii and CaT emission.
In Figure 7, we demonstrate this dependence
between the two quantities as a function of the
recovered RFeII (left panel) and for RCaT (right
panel) emission. The main plots are in log-log
space to appreciate the large extent of the inten-
sity ratio against the 6 order stretch of cloud
column density. From prior spectroscopic ob-
servations for I Zw 1, the RFeII and RCaT esti-
mates have been reported: (a) RFeII and RCaT
estimates from Persson (1988): 1.778±0.050
and 0.513±0.130, respectively; (b) RFeII and
RCaT estimates from Marinello et al. (2016):
2.320±0.110 and 0.564±0.083, respectively. We
utilize these measurements and overlay them on
the Figure 7 with the quoted uncertainties in the
measured values. For RFeII case, the models that
have metallicities Z.3Z can’t account for the
expected intensity ratio, not even for the lower
limit from Persson (1988), even at the highest
column density considered in the analysis. We
start to enter the agreeable regime with Z∼5Z
and onwards. The inset plot zooms in on the
agreeable range of solutions in terms of the RFeII
recovered (please note the linear scale used for
the RFeII in the inset plots), and, the needed col-
umn density and metallicity value to obtain that
value. In principle, BLR cloud with sizes simi-
lar to the radius of our Moon5. Although, in this
case, the models require exorbitantly high metal-
licity (100Z) to achieve the required RFeII value.
Such an inverse behaviour between the metallic-
ity and cloud column size isn’t a surprise since
these clouds are effectively made of mostly hy-
drogen and helium that exist in the front facing
part of the cloud and heavier and more metal-
lic elements tend to occur in deeper parts of the
cloud (see Figure 4 in Negrete et al. 2012). As
we increase the column size, the RFeII estimate
can still be obtained with lower metallicity val-
ues. For RCaT, the trend between the RCaT and
cloud column density is rather monotonic in log-
log space. Similar to the RFeII, smaller cloud sizes
suggest higher metallicity, yet solutions with al-
most solar values for metallicity are sufficient to
recover the required RCaT emission for cloud col-
umn sizes that are similar to the RFeII case, i.e.
NH & 1024 cm−2. Hence, a degeneracy between
5 the size of the cloud, d = NH/nH. For these models, we utilize a
nH = 1011.75 cm−2. Hence, for the smallest NH value, i.e. ∼1020
cm−2, we have the d ≈ 1778 km, roughly the radius of the Moon.
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these two quantities, metallicity and cloud col-
umn density sustains.
Additional constraints from high signal-
to-noise rest-frame UV spectrum for I
Zw 1 can help to narrow down the pos-
sibilities with respect to the metallicity.
There are quite a few metallicity indica-
tors such as Aliiiλ1860/Heiiλ1640 which is
one of the unbiased estimator of the metal-
licity (see Śniegowska et al. 2020, for an
overview). Another line ratio frequently used is
Siivλ1397+Oiv]λ1402/Civλ1549 (Hamann & Fer-
land 1999, and references therein). The choice of
diagnostic ratios used for metallicity estimates is
usually a compromise between S/N, easiness of
deblending, and straightforwardness of physical
interpretation. Laor et al. (1997) made the spec-
tral decomposition of I Zw 1’s HST-FOS spec-
trum and reported the various spectral parame-
ters in their paper. The Aliii/Heii flux ratio from
their analysis is ≈ 1.78 and the Siiv+Oiv]/Civ
gives ≈ 0.89, suggesting a metallicity ∼10Z and
slightly above solar, respectively. However, an-
other ratio, Nvλ1240/Heii flux ratio gives a value
∼5.78 suggesting Z&10Z, although this ratio is
quite sensitive to change in ionization parame-
ter (Wang et al. 2012). Other ratios, such as
Civ/Heii and Siiv+Oiv]/Heii also point towards
similarly high metallicities (Z & 10Z), although
they are not so reliable due to issues related
to blending with other species which becomes
cumbersome unless a better quality spectra is
available. Hence, utilizing the Aliii/Heii flux
ratio, coupled with the photoionization-based
estimates in this work, puts the column density
required for RFeII to be & 1024 cm−2 6. Cer-
tainly, higher S/N ratio is needed to properly
account for the issues mentioned above. An
increased availability of optical-UV and NIR
spectroscopic measurements, especially with the
advent of the upcoming ground-based 10-metre-
class (e.g. Maunakea Spectroscopic Explorer,
Marshall et al. 2019) and 40 metre-class (e.g.
The European Extremely Large Telescope, Evans
et al. 2015) telescopes; and space-based missions
6 more recent works suggest a slightly higher value of theses line ra-
tios, for example, Aliii/Heii = 5.35±2.728 if the λ1900Å blend
is fitted with a combination of blueshifted component that is
characteristic for the low-density high-ionization outflowing com-
ponent, and, a broad component that is typical for the high-
density low-ionization part of the BLR (Negrete et al. 2012, Paola
Marziani, priv. comm.).
such as the James Webb Space Telescope and
the Nancy Grace Roman Space Telescope would
certainly be a welcome addition to help break
this degeneracy.
On the other hand, Ferland et al. (2009) find
that the minimum column density is ∼1023 cm−2
for gravity to overpower radiation pressure and
allow infall of clouds as found by Hu et al. (2008).
Using arguments based on virial determinations
of the black hole mass in AGNs, Netzer (2009)
also concludes that the column densities must
substantially exceed ∼1023 cm−2 to avoid exces-
sive effects of radiation pressure on the orbital
velocities of the BLR clouds. Thus, there may
be limited freedom to vary the column density
in order to produce the wide range of optical
Feii strength observed which then restricts the
parameter space within . 2 dex in column den-
sity without accounting for significant electron
scattering effects that start to become important
at higher optical depths. Thus, with such con-
straints on the column densities and from Fig-
ure 7, we expect metallicities no greater than
∼30Z but & 5Z to efficiently produce the re-
quired RFeII values in this case. Observationally,
only very recently are we starting to resolve the
inner parsec scales in nearby AGNs using inter-
ferometric techniques (GRAVITY Collaboration
et al. 2018, 2020) but mapping individual BLR
clouds is something that still remains elusive.
3.5. microturbulence: a metallicity controller?
Another important aspect to optimize the Feii
emission is the effect of the microturbulence
that has been noted to provide additional ex-
citation (Baldwin et al. 2004; Bruhweiler &
Verner 2008b). The velocity field around a black
hole might be a superposition of different kine-
matic components, such as Doppler motions, tur-
bulence, shock components, in/outflow compo-
nents, and rotation. Different velocity compo-
nents result in different profiles, and the final
profile is a convolution of different components
(Kollatschny & Zetzl 2013). And, local turbu-
lence substantially affects the Feii spectrum in
photoionization models by facilitating continuum
and lineâĂŞline fluorescence. Increasing the tur-
bulence can increase the Feii strength and give
better agreement between the predicted shape
of the Feii blends and observation (Shields et al.
2010). The effect of the microturbulence has
been carefully investigated in our previous works
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Figure 7. LEFT: Strength of the optical Feii emission (RFeII) shown with respect to the distribution in cloud
column density (NH) from CLOUDY. The model uses a log U = -3.5 and log n = 11.75. The colors represent
9 different cases of metallicity (Z). The observed estimates from Persson (1988) and Marinello et al. (2016)
for I Zw 1 are shown in cyan and orange bars (the errors in these estimates are depicted by the bar-width),
respectively. The inset plot zooms in on a portion of the base plot to highlight the modelled trends that
recover the RFeII within the observed values. Notice that the RFeII is shown in log-scale in the base plot while
for the inset plot we have shown the ratio in linear-scale. RIGHT: Corresponding RCaT distribution for the
same modelled parameters as in the previous panel.
(Panda et al. 2018, 2019a) where a systematic
rise in the RFeII estimates is obtained by increas-
ing the microturbulence upto 10-20 km s−1. Af-
ter this limit the RFeII tends to drop and for
100 km s−1 this reaches values similar to that
without any microturbulence. We test the ef-
fect of the microturbulence in the context of this
study, especially if this entity works in a simi-
lar manner for boosting the CaT. We consider
a microturbulence value of 20 km s−1 and re-
run our models. The results are summarized
in Figure 8 for the two species side-by-side. As
expected, for the RFeII case, the turbulence af-
fects positively and especially recovers compara-
ble RFeII estimates for lower metallicity, for ex-
ample, in the case with no turbulence with so-
lar metallicity gives RFeII values similar to the
turbulence = 20 km s−1 at 0.3Z. This effect
is seen in other metallicity cases as well. For
the preferred solution with ∼10Z for the case
with no turbulence, upon invoking turbulence,
we achieve the solution with the ∼3Z models.
On the other hand, for the RCaT cases, the results
are almost similar between the two versions, in-
dicating that the CaT emission is perhaps more
stabilized. We overlay the solutions that agree
with the lines’ EWs for the three cases of cover-
ing factors similar to Figs. 3 and 4. For a much
lower covering factor (∼10%), we find that with
the inclusion of turbulence in the medium, RFeII
estimates closer to higher value from Marinello
et al. (2016) are more probable with ionization
parameters log U∼-3.5, and densities lognH∼11.5,
albeit at 10Z. For this same low covering fac-
tor, there is a unique solution satisfying for RCaT,
i.e. for log U∼-3.25 and lognH∼11.5 also at 10Z,
which shows that the two species can have sig-
nificant overlap in their emitting regions. This
is another confirmation of the nearly 1:1 correla-
tion obtained in Panda et al. (2020a) between the
RCaT and RFeII. Clearly there are solutions with
higher covering factors that agree with the line
widths at metallicities Z.10Z in the RFeII cases
with ionization parameter as high as logU&-2.75,
albeit at densities lognH&11.5 (cm−2). These lat-
ter solutions then require larger covering factors
(>30%) in order to account for the emission in
Feii. The last panel of RFeII cases with turbu-
lence included (10Z) has a significant overlap
with the solutions realised from Z=20Z models
for RFeII (see Fig. 4). The effect of turbulence
is only a secondary effect seen from the spec-
tra as this affects mostly the wings of the broad
line profiles (Goad et al. 2012), one that becomes
quite difficult to estimate properly as these fea-
tures become increasing close to the noise level.
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Figure 8. Effect of microturbulence: The first and the third columns are from the original models without any
turbulence for RFeII and RCaT, respectively. The second and the fourth columns are the corresponding cases
with turbulence = 20 km s−1. Each column consists of the five cases of metallicities considered in this work.
4. CONCLUSIONS
In this article we carefully examine the RFeII
and RCaT emission by constraining the (i) line
EWs with agreeable covering factors; (ii) radial
extent of the emitting regions in correspondence
with the reverberation mapping estimates for the
prototypical Narrow-line Seyfert 1 galaxy, I Zw
1; and (iii) the Feii and CaT line intensity ratios
obtained from two epochs of prior observations
for this source (Persson 1988; Marinello et al.
2016). Furthering our conclusions from the pre-
vious work in this series (Panda et al. 2020a),
we hypothesize that the broad-line region cloud
doesn’t see the same continuum seen by a distant
observer that is emanated from the accretion
disk, rather it sees a filtered continuum which
suggests smaller radial sizes predicted by pho-
toionization modelling which are now in accor-
dance with the reverberation mapping estimates.
This filtered continuum then recovers realistic
EWs for the low ionization line species, such as
the Hβ, Feii and CaT, even suggesting cover-
ing factors required as low as 10% which con-
firms the disk-like geometry for the BLR clouds.
A major realization from this analysis suggests
that models that initially produced the maxi-
mum RFeII are rather out of bounds when the
argument of observationally compatible EWs is
invoked. Independently from this aspect, our
study still finds that in order to account for the
adequate RFeII emission, the BLR needs to be se-
lectively overabundant in iron. This is suggested
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by the requirement of higher than solar metal-
licities (Z&10Z) to optimize the emission of op-
tical Feii. On the other hand, the RCaT emission
spans a broader range in metallicity, from solar
to super-solar metallicities. In all these models
the BLR cloud density is found to be consistent
with our conclusions from prior works, i.e. nH
∼ 1012 cm−2 is required for the sufficient emis-
sion of Feii and CaT. We further our modelling
to test and confirm the co-dependence between
the metallicity and the cloud column density for
these two species. Finally, we test the effect of
inclusion of a turbulent velocity within the BLR
cloud which informs us that the RFeII emission is
positively affected by the inclusion of the micro-
turbulence. An interesting result obtained here
is thus the reduction in the value of the metallic-
ity for the RFeII cases when the microturbulence
is invoked, suggesting that microturbulence can
act as a metallicity controller for the Feii. On the
contrary, the RCaT cases are rather unaffected by
the effect of microturbulence.
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